Substance P (SP) and the neurokinin-1 receptor (NK-1R) are involved in the development of colitis and mucosal healing after colonic inflammation. We studied whether SP modulates colonic fibrosis by using a chronic model of trinitrobenzenesulfonic acid (TNBS)-induced colitis in wild-type (WT) and NK-1R-deficient (NK-1R KD) mice. We found increased mRNA expression levels of collagen, vimentin, and the fibrogenic factors transforming growth factor ␤1 and insulin-like growth factor 1 in the chronically inflamed colons of WT mice treated with repeated intracolonic TNBS administrations. Fibrosis in TNBStreated mice was also evident immunohistochemically by collagen deposition in the colon. Treatment of TNBS-exposed WT mice with the NK-1R antagonist CJ-12255 reduced colonic inflammation, colonic fibrosis, fibroblast accumulation, and expression levels of the fibrogenic factors. NK-1R knockout mice chronically exposed to TNBS had similar colonic inflammation compared with WT, but reduced colonic fibrosis, fibroblast accumulation, and expression levels of fibrogenic factors. Immunohistochemical staining also showed co-localization of NK-1R with fibroblasts in inflamed colons of mice and in colonic mucosa of patients with Crohn's disease. Exposure of human colonic CCD-18Co fibroblasts to SP (10 nmol/L) increased cell migration. SP stimulated collagen synthesis in CCD-18Co fibroblasts in the presence of transforming growth factor ␤1 and insulin-like growth factor 1, and this effect was reduced by Akt inhibition. Thus, SP, via NK-1R, promotes intestinal fibrogenesis after chronic colitis by stimulating fibrotic responses in
Substance P (SP) and the neurokinin-1 receptor (NK-1R) are involved in the development of colitis and mucosal healing after colonic inflammation. We studied whether SP modulates colonic fibrosis by using a chronic model of trinitrobenzenesulfonic acid (TNBS)-induced colitis in wild-type (WT) and NK-1R-deficient (NK-1R KD) mice. We found increased mRNA expression levels of collagen, vimentin, and the fibrogenic factors transforming growth factor ␤1 and insulin-like growth factor 1 in the chronically inflamed colons of WT mice treated with repeated intracolonic TNBS administrations. Fibrosis in TNBStreated mice was also evident immunohistochemically by collagen deposition in the colon. Treatment of TNBS-exposed WT mice with the NK-1R antagonist CJ-12255 reduced colonic inflammation, colonic fibrosis, fibroblast accumulation, and expression levels of the fibrogenic factors. NK-1R knockout mice chronically exposed to TNBS had similar colonic inflammation compared with WT, but reduced colonic fibrosis, fibroblast accumulation, and expression levels of fibrogenic factors. Inflammatory bowel diseases, including Crohn's disease (CD) and ulcerative colitis, are chronic relapsing immune disorders that significantly impact health-related quality of life. 1 Intestinal fibrosis is presented as excessive accumulation of fibrotic tissue in inflamed areas of the small intestine and colon of both ulcerative colitis and CD patients. 2 As a result, patients with CD often develop transmural luminal narrowing and form strictures caused by excessive extracellular matrix deposition. 3 Although the mechanisms involved in extracellular matrix deposition are complex and not well understood, it is well accepted that this process is driven by increased expression of collagen and other pro-fibrogenic factors such as transforming growth factor ␤1 (TGF-␤1) and insulin-like growth factor 1 (IGF-1).
receptor neurokinin-1 (NK-1) modulates several important intestinal functions, including colonic inflammation. 17 Pharmacological antagonism of NK-1 receptor (NK-1R) or genetic deletion of this receptor results in reduced intestinal inflammation in the acute model of Clostridium difficile toxin A-induced enteritis or the acute phase of 2,4,6-trinitrobenzensulfonic acid (TNBS)-induced colitis. 18 -21 In contrast, NK-1R deficient (knockout [KO]) mice exposed to TNBS or sodium dextran sulfate, 22 or mice treated with the NK-1R receptor antagonist CJ-12255 during the healing phase of sodium dextran sulfate-induced colitis 23 developed more severe colitis than control mice suggesting that NK-1R is also involved in mucosal healing during chronic colitis. However, there are no studies examining whether SP, or any other neuropeptide, is involved in colonic fibrosis.
Based on the ability of SP and NK-1R to modulate colonic inflammation and fibrosis through its interaction with fibroblasts, 22, 24 we hypothesized that SP/NK-1R interactions participate in colitis-associated fibrosis. To address our hypothesis, we used NK-1R KO and wild-type (WT) mice injected with the specific nonpeptide NK-1R antagonist CJ 12255 and the murine model of chronic TNBS-induced colitis associated with intestinal fibrosis. 25 Our results indicate that WT mice treated with the NK-1R antagonist as well as NK-1R KO mice have reduced colonic fibrosis, fibroblast accumulation, and expression of fibrogenic factors in the colonic mucosa. NK-1R was co-localized with IGF-1 in colonic mucosa of patients with CD and TNBS-treated mice. Furthermore, in vitro experiments with human colonic CCD-18Co fibroblasts showed that SP stimulated fibroblast migration and, in the presence of TGF-␤1 and IGF-1, increased collagen synthesis in an Akt-dependent manner.
Materials and Methods

Quantitative Real-Time RT-PCR
Total RNA was isolated by Trizol Reagent (Invitrogen, Carlsbad, CA) and reverse-transcribed into cDNA by using a Superscript III reverse transcription kit (Invitrogen). Quantitative PCR reactions were run in an ABI Prism 7700 Sequence Detection System as we previously described. 26 The levels of mRNA were determined by using cataloged primers (Applied Biosystems, Foster City, CA) for human (COL1A2 Hs01028956_m1) and mouse (Col1a2 Mm01309565_m1; vimentin Mm00449208_ m1; Igf-1 Mm00439561-m1; and Tgf-␤1 Mm00441724_m1). Expression of these genes was normalized to expression of GAPDH/18S mRNA (human, 18S Hs99999901_s1; mouse, GAPDH Mm99999915_g1) and the results were expressed as relative fold differences.
TNBS-Induced Colonic Fibrosis Mouse Model
NK-1R KO mice were generated by targeted disruption of the NK-1R gene in embryonic stem cells as we previously described. 27 Aged matched NK-1R KO and WT littermates (10-to 12-week-old) were maintained at the animal research facility of the University of California at Los Angeles. All animal studies were approved by the institutional animal care and use committee of the University of California, Los Angeles. Mice received standard pelleted chow and tap water ad libitum. Chronic TNBS colitis was induced as previously reported. 25 Briefly, mice were injected intracolonically with a 50-l of 30% ethanol containing a TNBS solution or 30% ethanol weekly for 5 weeks as illustrated in Figure 1A . Some groups were injected intraperitoneally with the specific nonpeptide NK-1R antagonist CJ-12255 (Pfizer, New York, NY; 5 mg/kg in 100 l PBS, every 3 days during the last 4 weeks of the 8-week experimental period). Other groups were injected intraperitoneally with the same volume of PBS. Mice were then returned to their cages and sacrificed at week 8 by carbon dioxide euthanasia.
Histological Scoring
Colon tissues of mice were sectioned and stained with H&E. Microphotographs at 200ϫ magnification were recorded at multiple locations of colons and analyzed by two pathologists in a blinded manner who scored the specimens at a 0 to 12 scale for the following chronic colitis parameters: mucosal transformation, round cell infiltrates in the lamina propria mucosae, goblet cell death, submucosa fibrosis, and granuloma formation as previously established. 28 Zero ϭ no inflammation; 1 to 4 ϭ mild inflammation; 5 to 8 ϭ moderate inflammation; and 9 to 12 ϭ severe inflammation.
Immunofluorescence Staining
Human colonic tissue frozen sections were purchased from Cytomyx, Inc. (Rockville, MD). Colonic tissues were embedded in OCT solution, and frozen sections were made and fixed and permeabilized by using acetone. After incubation with blocking buffer, slides were incubated with a rabbit polyclonal rabbit anti-NK-1R antibody (sc-15323) or goat anti-vimentin antibody (sc-7557; Santa Cruz biotechnology, Santa Cruz, CA; all at 1:50 dilution) overnight at 4°C. Samples were then washed with PBS and stained by Texas Red (red)-conjugated and fluorescein isothiocyanate (green)-conjugated secondary antibodies (1:200 dilution) for 1 hour. Slides were then rinsed and mounted with 4Ј,6-diamidino-2-phenylindole (DAPI; blue emission signal to stain nuclei) mounting solution. Images were analyzed with a Zeiss (Thornwood, NY) AX10 microscope at 200ϫ magnification.
Immunohistochemistry for the Fibroblast Marker Vimentin
Colon tissues were fixed in 4% paraformaldehyde and embedded in paraffin. After incubation with blocking buffer, sections were incubated with a goat polyclonal anti-vimentin antibody (sc-7557; Santa Cruz; 1:50 dilution) overnight at 4°C. After washing, sections were incubated with donkey anti-goat IgG, and slides were stained with an avidin-biotin complex kit for color development (Santa Cruz; sc-2018). Images were analyzed with a Zeiss AX10 microscope at magnification of 200ϫ.
Masson Trichrome Staining
Staining of collagen deposition of deparaffinized tissue sections was performed by a Masson Trichrome Staining kit (HT-10) and Bouin solution (HT-10132; Sigma, St. Louis, MO) following the manufacturer's instructions.
Cell Culture
Human CCD-18Co colonic fibroblasts were cultured in minimal essential medium Eagle's medium (ATCC, Manassas, VA) containing 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).
IGF-1 and TGF-␤1 Enzyme-Linked Immunosorbent Assays
The levels of mouse IGF-1 and TGF-␤1 levels were measured by the enzyme-linked immunosorbent assay kits (IGF-1 DY291 and TGF-␤1 DY791; R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Cell Migration Assay
Cell migration assays of CCD-18Co fibroblasts were performed by using a modified Boyden chamber approach (number ECM508; Millipore, Billerica, MA) as we previously described. 26, 29 Briefly, 0.1% Trifluoroacetic acid (TFA), SP (number 05-23-0600; Calbiochem, Gibbstown, NJ), IGF-1 (number 407240; Calbiochem), or TGF-␤1 (number 616455; Calbiochem) was added into the lower Moderate histological damage in TNBS-exposed mice is reduced by CJ-12255 treatment. ***P Ͻ 0.001 versus WT PBS TNBS colitis group. C: Representative microphotographs of H&E-stained colon tissues (original magnification, ϫ200). Substantial tissue damage and fibrotic tissue infiltration is evident after TNBS treatment in WT mice. Tissue morphology is improved in CJ-12255-treated TNBS-exposed mice, but not in TNBS-treated NK-1R KO mice.
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Cell Viability Assay
CCD-18Co fibroblasts, seeded on 96-well plates (10 6 cells/plate), were pretreated with 1 mol/L CJ-12255 or vehicle for 30 minutes and then exposed to SP (10 nmol/L) or vehicle (0.01% TFA). After 24 hours, 20 l of CellTiter AQeuous One solution (MTS tetrazolium compound, G3580; Promega, Madison, WI) was added, cells were incubated at 37°C for 1 hour, and absorbance at 490 nm (indicating cell viability) was measured on a 96-well plate reader as we described. 30 
Western Blot Analyses
Cells were lysed in 1ϫ blue loading buffer (Cell Signaling, Danvers, MA). Equal amount of cell extracts were fractioned by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and proteins were transferred onto nitrocellulose membranes (400 mA for 2 hours at 4°C; Bio-Rad, Hercules, CA). Membranes were blocked in 5% nonfat milk in Tris-buffered saline Tween 20 (TBST; 50 mmol/L Tris, pH 7.5, 0.15 M NaCl, and 0.05% Tween 20), and then incubated with antibodies against phospho-Akt (ser473) number 4060, ␤-actin number 4967, ␤-tubulin number 2146 (Cell Signaling), NK-1R (sc-15323), or collagen 1A2 (sc-28655). Horseradish peroxidase-labeled antibodies were detected by chemiluminescence (Fisher Scientific, Pittsburgh, PA), and signals were captured by using the luminescent image analyzer LAS4000 (Fujifilm, Tokyo, Japan).
Statistical Analyses
Results were expressed as mean Ϯ SEM and analyzed by using the Prism professional statistics software program (Graphpad, San Diego, CA). Student's t-tests with Mann-Whitney post tests were used for intergroup comparisons.
Results
Involvement of NK-1R in Colonic Fibrosis Associated with Chronic, TNBS-Induced Colitis
Histological Evaluation
Colonic fibrosis is characterized by collagen deposition and overexpression of fibrogenic factors. 2, 31 To investigate the role of NK-1R in the development of fibrosis, we used a murine model of chronic colitis that develops colonic fibrosis 25 in NK-1R KO mice as well as WT mice treated with the NK-1R receptor antagonist CJ-12255. Details of this model are included in Materials and Methods and illustrated in Figure 1A . As shown in Figures 1C and 2A, compared with vehicle administration, WT mice treated with multiple TNBS cycles develop substantial fibrosis in the mucosa and submucosa. In contrast, CJ-12255 treated, TNBS-exposed mice have less mucosal and submucosal fibrosis ( Figure 1C and 2A) and overall better mucosal tissue integrity. Quantification of these histological differences shown in Figure 1B as "histological score" show mild to moderate levels of colitis (histological score 4 to 5) after TNBS administration and a ϳ60% reduction of colitis after CJ-12255 administration (P Ͻ 0.001). Notably, histology ( Figure 1C ) and histological scores ( Figure 1B ) of ethanol (vehicle)-treated mice are low and not affected by CJ-12255 treatment. Moreover, NK-1R KO mice treated with multiple TNBS cycles develop similar histological tissue damage and histological score as TNBS-treated WT mice (Figure 1, B and C) . Similar to WT TNBS-treated mice, colonic sections from NK-1R KO mice exposed to TNBS show signs of chronic inflammation including mucosal transformation with altered cryptal architecture, immune cell infiltration, and occasional formation of granulomas ( Figure 1 , B and C). In contrast, NK-1R KO mice have substantially less colonic fibrosis than TNBS-exposed WT littermates ( Figure  2A ). These results indicate that NK-1R is involved in colonic fibrosis in murine model of chronic colitis.
Involvement of NK-1R in Collagen Deposition and Fibroblast Infiltration During Chronic TNBS-Induced Colitis
Collagen is secreted by fibroblasts and fibroblast-like cells 32 and can be identified immunohistochemically by the fibroblast marker vimentin. 33 Masson Trichrome staining in the mucosa and submucosa of WT mice after chronic TNBS treatment showed increased collagen formation (Figure 2A) . Compared with controls, we observed an increased number of vimentin-positive cells in the colonic mucosa and submucosa of WT TNBS-treated mice ( Figures 2B and 3A , arrows) in areas with increased collagen deposition (Figure 2A ), suggesting that colonic fibroblasts mediate increased collagen secretion. Treating TNBS-exposed wild-type or NK-1R KO mice with CJ-12255 reduced collagen deposition (Figure 2A ) and fibroblast infiltration ( Figure 2B ). This is correlated with a reduction of vimentin-positive cells in TNBS-exposed colonic tissues that are treated with CJ-12255 ( Figure 3B ). NK-1R KO mice exposed to TNBS also have reduced vimentin-positive cells compared with WT ( Figure 3B ). The number of fibroblasts among ethanol-treated groups is low and not affected by CJ-12255 treatment or NK-1R deficiency ( Figure 3B ).
Consistent with prior observations, 25 WT mice treated with multiple TNBS cycles demonstrate high mRNA levels of collagen and vimentin, compared with ethanol control (Figure 3, C and D) . NK-1R antagonism by CJ-12255 significantly lowers collagen and vimentin mRNA levels ( Figure 3, C and D) . Moreover, NK-1R KO mice have also lower collagen and vimentin mRNA after TNBS exposure 
Role of NK-1R in Colonic Fibrogenic Factor Expression
Increased colonic mRNA expression of fibrogenic factors TGF-␤1 and IGF-1 in the colons of patients with CD has been reported previously. 32, 34 Consistent with these results, our experiments show increased TGF-␤1 and IGF-1 colonic protein levels in inflamed colons of TNBS-treated mice ( Figure 3, E and F) . However, colonic levels of both TGF-␤1 and IGF-1 are significantly lower in TNBS-exposed NK-1R KO mice and in WT mice treated with CJ-12255 ( Figure 3, E and F) .
NK-1R Expression in Colonic Fibroblasts
NK-1R is broadly expressed in the colons of patients with CD ( Figure 4A ), in line with previous reports.
26,35 Double immunofluorescence staining show increased expression of vimentin (fibroblast marker) positive cells and colocalization of many of these cells with NK-1R expressing cells ( Figure 4A ). Similarly, we found strong widespread NK-1R staining in the colon of TNBS-treated mice, which is reduced after CJ-12255 administration ( Figure  4B ). Several vimentin positive cells also express NK-1R in the colonic mucosa of TNBS-exposed mice ( Figure 4B ). Thus, colonic fibroblasts in human and mouse inflamed colon express NK-1R.
Substance P Stimulates Colonic Fibroblast Migration
To mediate colonic fibrosis, fibroblasts migrate to sites of inflammation where they deposit collagen. To determine the role of SP in fibroblast migration, cultured human colonic CCD-18Co fibroblasts were seeded in the upper chamber of modified Boyden chambers. Addition of SP to the lower, but not upper, chamber induces significant fibroblast migration similar to that seen in response to TGF-␤1 and IGF-1 serving as positive controls ( Figure  5A ). We next tested whether SP induces proliferation in CCD-18Co cells. Addition of SP (10 nmol/L) alone does not increase cell proliferation, measured by the MTS assay ( Figure 5B ). SP also fail to stimulate CCD-18Co cell proliferation even in the presence of TGF-␤1 (1 ng/ml) and IGF-1 (10 ng/ml; Figure 5B ). Moreover, SP (10 nmol/ L), either alone or in the presence of TGF-␤1 and IGF-1, does not affect TGF-␤1 or IGF-1 mRNA expression (Figure 5, C and D) .
SP Induces Collagen Synthesis in Human Colonic Fibroblasts
To determine whether SP affects fibrogenesis in vitro, we exposed human colonic CCD-18Co fibroblasts to SP in the presence or absence of TGF-␤1 and IGF-1. Incubation with SP alone for 48 hours does not induce collagen COL1A2 protein expression in CCD-18Co cells (data not shown). Exposure of fibroblasts to IGF-1 and TGF-␤1 does not increase expression of protein bands representing COL1A2 ( Figure 6A ). In the presence of TGF-␤1 and IGF-1, however, SP increases COL1A2 protein expression in a dose-dependent manner ( Figure 6A ). Similarly, SP in combination with TGF-␤1 and IGF-1, but not alone, induces COL1A2 mRNA expression ( Figure 6B ). In contrast, SP does not influence collagen COL1A2 mRNA expression when incubated with either TGF-␤1 alone or IGF-1 alone ( Figure 6B ). TGF-␤1 alone, serving as positive control, moderately increases collagen COL1A2 mRNA levels that is further augmented by IGF-1 coexposure in CCD-18Co fibroblasts, consistent with prior observations 6 ( Figure 6B ).
SP Induces Collagen Synthesis in Human Colonic Fibroblasts via Akt
IGF-1 induces Akt phosphorylation in lung fibroblasts, 36 whereas SP activates Akt in colonic epithelial NCM460-NK-1R cells. 23 We examined whether SP induces collagen synthesis in fibroblasts by activating Akt. SP (10 nmol/L) alone does not stimulate Akt phosphorylation in colonic fibroblasts ( Figure 6C ). TGF-␤1 and IGF-1 trigger weak Akt phosphorylation that was augmented by 10 nmol/L of SP ( Figure 6C ). Furthermore, SP-induced collagen mRNA synthesis in the presence of TGF-␤1 and IGF-1 is also blocked by the Akt inhibitor V ( Figure 6D ). These results indicate an important role for SP-augmented IGF-1/TGF-␤1 signaling pathways in collagen synthesis.
Discussion
Fibrostenosing disease in inflammatory bowel disease is a debilitating consequence of chronic colonic inflamma- Figure 2B showing location of vimentin-positive fibroblasts in the colons of WT chronic TNBS group clearly. Fibroblasts are identified by specific staining (brown color). Mice (PBS-treated WT, CJ-12255-treated WT, and NK-1R KO mice) were chronically treated with TNBS (CT) or 30% ethanol (EtOH) solution. B: The number of fibroblasts in colon tissues in each microphotograph was counted as fibroblasts per field. A total of four pictures at random locations from each colonic tissue were counted and averaged. CJ-12255-treated mice and NK-1R KO mice have fewer fibroblasts in colons than TNBS-treated WT mice. ***P Ͻ 0.001; ϩϩ P Ͻ 0.01 versus WT PBS-treated chronic TNBS colitis (WT PBS). Results of real-time RT-PCR for detection of mouse Col1␣2 (C) and vimentin (D) mRNA levels in mouse colons.
### P Ͻ 0.001 versus WT ethanol-treated (WT EtOH) group; **P Ͻ 0.01 versus WT PBS-treated chronic TNBS colitis (WT PBS CT) group; ϩ P Ͻ 0.05 versus WT PBS CT group. Protein levels of mouse Igf-1 (E) and Tgf-␤1 (F) in mouse colons were measured by enzymelinked immunosorbent assay.
### P Ͻ 0.001 versus WT ethanol-treated (WT EtOH) group; **P Ͻ 0.01, ***P Ͻ 0.001 versus WT PBS-treated chronic TNBS colitis (WT PBS CT) group; ϩϩ P Ͻ 0.01 versus WT PBS CT group. Colonic collagen and vimentin mRNA levels as well as IGF-1 and TGF-␤1 protein levels after TNBS exposure are reduced in CJ-12255-treated mice or NK-1R KO mice. Results are representative of four mice per group.
tion. In this study, we examined the putative role of the neuropeptide SP and the NK-1R in the development of fibrosis during chronic colitis and examined the mechanisms of this response. Using a specific NK-1R antagonist and NK-1R deficient mice, we demonstrate that increased expression of collagen and the fibrogenic factors TGF-␤1 and IGF-1 during chronic TNBS-induced colitis involves NK-1R signaling. SP can directly trigger migration of human colonic fibroblasts and increase their production of collagen in combination with TGF-␤1 and IGF-1, thereby illustrating a mechanism for SP-dependent fibrogenesis. These results uncover a novel role of SP in the modulation of fibrogenesis during colitis and implicate a neuropeptide-fibroblast paradigm in colitisrelated fibrogenesis in inflammatory bowel disease pathophysiology.
Inhibition of SP-NK-1R coupling by an NK-1R antagonist results in diminished intestinal inflammation. 18, 20, 37 Not only NK-1R antagonism inhibits chronic colonic inflammation, but also reduces colonic fibrosis and expression of fibrogenic factors in vivo. The ability of NK-1R to signal both inflammatory and fibrotic responses is consistent with the view that intestinal fibrosis is closely associated with inflammation 2 and mucosal healing after inflammation in the intestine. 38 Our results demonstrate reduced TNBS-associated fibrosis in NK-1R KO mice and provide direct evidence for the importance of NK-1R in colitis-associated fibrosis. Despite reduced fibrosis in NK-1R KO mice, NK-1R deficiency did not alter the degree of chronic colonic inflammation in chronic TNBSinduced colitis. These results are consistent with previous studies in NK-1R KO mice using different models of co- litis, 22 and could be explained by diminished epidermal growth factor receptor signaling associated with NK-1R deficiency. 22, 39 We show that SP stimulates migration of human colonic fibroblasts in vitro ( Figure 5A ), representing an important component of mucosal healing and fibrosis associated with colitis. Previous results also underscore the ability of SP to directly stimulate cell migration in rabbit cornea cells, 40 and human umbilical vein endothelial cells, 41 via NK-1R. 42 SP, via NK-1R, also stimulates migration of skin fibroblasts in a dose-dependent manner. 43 The pathophysiologic importance of NK-1R-mediated fibroblast migration is underscored by our in vivo finding that fibroblast infiltration during chronic TNBS colitis and its associated collagen deposition is dependent on NK-1R ( Figure 2B ). Fibroblast migration during chronic colitis and fibrosis is a complex process involving several cell types, mediators, and activation of multiple signaling pathways in fibroblasts. 2 Although the mechanism of this SP response was not investigated, interactions of NK-1R signaling with the Akt pathway, shown here ( Figure 6 ) and in a previous study, 23 suggest its potential role in fibroblast migration. 44 The lack of an SP effect on human colonic fibroblast proliferation in vitro is somehow surprising in view of previous findings in our laboratory indicating that SP via NK-1R stimulates proliferation of mouse colonic fibroblasts. 22 On the other hand, SP alone also failed to stimulate proliferation in human skin fibroblasts. 45 Different fibroblast cell phenotypes may explain these discrepant results.
We found that SP, in the presence of TGF-␤1 and IGF-1, stimulates collagen synthesis in colonic fibroblasts in vitro (Figure 6 ), supporting an NK-1R-dependent regulation of collagen synthesis during chronic TNBS colitis (Figures 2 and 3) . However, NK-1R-regulated TGF-␤1 and IGF-1 expression in vivo (Figure 3 , E and F) has not been observed in CCD-18Co fibroblast culture ( Figure 5 , C and D) and NCM460 colonic epithelial cells overexpressing NK-1R (data not shown) in vitro. It is possible that SP-NK-1R interactions may influence fibrogenic growth factors regulation in the presence of other proinflammatory mediators present in animal models of colitis as suggested by prior studies. 46, 47 Different cell types may respond differently to SP since, in contrast to our results indicating lack of a direct SP collagen response in the absence of TGF-␤1 and IGF-1, lung fibroblasts have reduced collagen expression after SP exposure. 48 Nevertheless, our evidence indicating the presence of NK-1R in colonic fibroblasts in inflamed colons ( Figure 4 ) and SPresponsive signaling in CCD-18Co fibroblasts ( Figure 6 ) strongly suggest an important role of SP-NK-1R interactions in colonic fibrogenesis. A: CCD-18Co fibroblasts seeded in Boyden chambers were exposed to SP (10 nmol/L) in the upper or lower chamber while IGF-1 (10 ng/ml) or TGF-␤1 (1 ng/ml) were added at the lower chamber. Cells were incubated at 37°C for 6 hours, and cells that migrated through the membrane were determined by absorbance at 560 nm. SP, IGF-1, or TGF-␤1 induced fibroblast migration to the lower chamber. *P Ͻ 0.05, ***P Ͻ 0.001 versus control group. B: CCD-18Co fibroblasts were exposed to TFA control or SP (10 nmol/L) alone or in the presence of IGF-1 (10 ng/ml) and TGF-␤1 (1 ng/ml) at 37°C for 24 hours. Cell proliferation was determined by MTS assays. Results are representative of three separate experiments. C and D: CCD-18Co fibroblasts were exposed to TFA control or SP (10 nmol/L) alone or in the presence of IGF-1 (10 ng/ml) and TGF-␤1 (1 ng/ml) at 37°C for 8 hours. IGF-1 (C) and TGF-␤1 (D) mRNA expression levels were measured by real-time RT-PCR. *P Ͻ 0.05, **P Ͻ 0.01 versus control group. Results are representative of three separate experiments. Figure 6 . SP augments fibrogenesis in fibroblasts. A: CCD-18Co fibroblasts were treated with IGF-1 (10 ng/ml), TGF-␤1 (1 ng/ml), and SP (0 to 100 nmol/L) at 37°C for 48 hours. Collagen COL1A2 in protein lysates was determined by Western blot analyses. B: CCD-18Co fibroblasts were treated with IGF-1 (10 ng/ml), TGF-␤1 (1 ng/ml), and/or SP (10 nmol/L) at 37°C for 48 hours. Collagen COL1A2 mRNA levels were measured by real-time RT-PCR. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 versus control group. C: Fibroblasts were treated with IGF-1 (10 ng/ml), TGF-␤1 (1 ng/ml), and/or SP (10 nmol/L) for 30 minutes, and phosphorylated Akt and ␤-actin in the protein lysates was determined by Western blot analyses. D: CCD-18Co cells were pretreated with dimethyl sulfoxide or Akt inhibitor V (5 mol/L) for 30 minutes, followed by IGF-1 (10 ng/ml), TGF-␤1 (1 ng/ml), and/or SP (10 nmol/L) exposure at 37°C for 48 hours. Collagen COL1A2 mRNA expression was determined by real-time RT-PCR. Results are representative of three separate experiments. ***P Ͻ 0.001 versus TFA-treated control group.
## P Ͻ 0.01, ### P Ͻ 0.001 versus respective control group. SP induces collagen synthesis in the presence of IGF-1 and TGF-␤1 via an Akt-dependent pathway.
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AJP November 2010, Vol. 177, No. 5 Our results show that increased collagen synthesis by SP in the presence of TGF-␤1 and IGF-1 involves the Akt pathway. IGF-1 is known to induce Akt phosphorylation via an IGF-1 receptor-dependent mechanism in mouse embryo fibroblasts. 49 IGF-1 also induces Akt phosphorylation and protects lung myofibroblasts from apoptosis. 50 Consistently, we previously reported that SP-mediated anti-apoptotic effects in colonic epithelial cells involve a phosphatidylinositol 3-kinase-and Akt-dependent pathway. 23 In conclusion, these data demonstrate that inhibition of NK-1R can decrease colitis-associated intestinal fibrosis by modulating fibroblast migration and collagen synthesis. The results presented in this study add NK-1R as an important contributor to the pathophysiology of fibrosis complicating intestinal inflammation and point to a new possible target for prevention of fibrosis during colitis.
